Here we review commonly used techniques for the production of large area and high quality graphene to meet the requirements of industrial applications, including epitaxial growth on SiC, chemical vapour deposition (CVD) on transition metals and growth from solid carbon source. The review makes a comparison of the growth mechanisms, quality (such as mobility and homogeneity) and properties of the resultant graphene, limitations and the prospect of each production method. A particular focus of the review is on direct (transfer free) growth on dielectric substrate as this is potentially one of the promising techniques for graphene production which can readily be integrated into existing semiconductor fabrication processes.
Introduction
Graphene, a single-atom-thick allotrope of carbon having sp 2 -bonded atoms in a 2-dimensional honeycomb lattice, can be regarded as a basic building block of 3D graphite, 1D carbon nanotubes and 0D fullerenes [1] [2] [3] . Graphene was first produced by the Manchester group in 2004 [1, 2] , on a Si wafer with carefully chosen thickness of SiO 2 , by the so called scotch-tape method or mechanical exfoliation. A 300 nm thick SiO 2 layer on the Si substrate electrically isolates the graphene and weakly interacts with it, providing visually identifiable and nearly charge-neutral graphene layers, which make it possible to characterize the physical properties of graphene. Although graphene has been theoretically studied for over 60 years [2] and efforts to make thin films of graphite by mechanical exfoliation date back to 1990 [4, 5] , only graphite films no thinner than 50 to 100 layers were produced before 2004. The significance of Manchester's results lies in the discovery of the unique electronic properties in the naturally-occurring two-dimensional material due to the unique transport properties of massless Dirac fermions. This has led to a surge of research interest in this material. More extraordinary properties of graphene have since been unearthed, such as electron mobility of 10 6 cm 2 · V −1 ·s −1 at room temperature [6] (a limit up to 40000 cm 2 ·V −1 ·s −1 on SiO 2 substrate [7] ), ultralow resistivity [2] , anomalous quantum hall effect [8] , different electronic transport performance in armchair or zig-zag edge orientations [9] , behaviour of massless Dirac fermions [10, 11] , unusual band structure [12, 13] , high thermal stability [14] , ultrahigh breaking strength of 1 TPa and tensile strength of 125 GPa [15] , high transparency at certain wavelengths [16, 17] , high chemical resistance [18] , long spin diffusion length at room temperature [19] , controllable doping level [20] , etc. These extensive and unique properties of graphene have made the material to be known as the "21st century wonder material". It is promising for the post Moore's era [2, 12, 21] , with potential technological applications in many areas including electronics [22] , photonics [23, 24] , biological and chemical sensors [25, 26] , energy storage [27] , spintronics [28] [29] [30] and quantum computing [31] . However, to realise its full potential for industrial scale applications, large scale production of high quality graphene on device compatible substrates is one of the key requirements. Significant progress in this respect has already been made since the discovery of graphene [1] . This paper aims to provide an up to date review of the production techniques for large area graphene films.
The techniques of large area graphene production developed so far can be mainly categorized into the following types [32] : epitaxial growth on SiC substrate, chemical vapour deposition (CVD) on transition metal, physical vapour deposition (PVD) with a solid carbon source. These techniques share common basic principles, which are the decomposition of inorganic or organic molecules at elevated temperatures and the formation of sp 2 -hybridized C-C bond on catalytic surfaces. However, each method uses specific substrate and growth conditions, such as carbon source, reaction temperature, pressure, heating and cooling rates, reaction duration, types and sizes of catalytic surfaces, which may lead to different requirement of postprocessing for application purposes. Here, we discuss the characteristics of each method together with their advantages and disadvantages for device applications.
Epitaxial growth from single crystal SiC substrates
Berger and his co-workers reported in 2004 [21] , the same year as the discovery of exfoliated graphene [1] , the epitaxial growth of ultrathin graphite films by thermal decomposition of 6H-SiC(0001) single crystals in an ultrahigh vacuum (UHV), which was perhaps the first technique reported for large area graphene production, although the solid-state graphitization mechanisms of silicon carbide had been studied well before 2004 [33, 34] . The production of monolayer epitaxial graphene was subsequently reported by the same group in 2006 [12] . When a single crystal SiC substrate is heated up to a temperature in excess of 1200°C in an UHV chamber, the Si atoms on the surface are sublimated due to the lower vapor pressure [34] [35] [36] , leaving behind C atoms on the SiC crystal surface. Because of the very small mismatch of the SiC(0001) crystal and the graphene honeycomb lattices, the carbon atoms are able to reconstruct into a graphene sheet on top of the SiC (0001) crystal surface [21, 37] . The epitaxial growth of graphene on single crystal SiC is not self-limiting. The number of layers, quality and properties of the graphene depends on whether the graphene grows on the Si or C terminated face, and also on the annealing temperatures [38, 39] and the vacuum conditions [40] . On the C terminated face, graphene tends to grow into more layers, usually more than 10 layers. The first few layers are highly electron-doped with random orientation while the subsequent layers are not as much doped as the first few layers [41] . The electronic properties of the graphene layers are affected by these electronic charges and show a mobility of 10 4 [42] . The major attraction of this method is the direct growth of graphene on insulating SiC wafers, therefore transfer of graphene to another insulating substrate is not required for device applications. This has provided a unique platform for exploring electronic devices, such as field effect transistors and integrated electronic circuits, which has attracted major interest in the field [43] . For example, graphene transistors operating at 100 GHz frequencies [44] and graphene integrated circuits operating at frequencies up to 10 GHz [45] have recently been developed by IBM.
However, the epitaxial technique has several limitations in meeting the industrial requirements for electronic applications. In particular, the graphene grown on the single crystal SiC wafers is not atomically flat as those on Si wafers, but with a terraced morphology [12] , as typically shown in Fig. 1 [40] . The high cost of the SiC crystal starting material also renders it impractical for large-scale commercial applications. The very high growth temperature in ultra-high vacuum is another limitation.
Chemical Vapour Deposition
One of the major breakthroughs in the production of large area graphene, following the epitaxial method, is the growth of graphene by CVD method [46] [47] [48] using short chain hydrocarbon gases, such as methane and ethylene [49] [50] [51] [52] [53] , on a catalytic surface of transition metals, such as Ni [17, 54, 55] , Ru [56] [57] [58] , Ir [59] , Au [60] , Cu [46] , Pt [61] , Rh [62, 63] , Pd [64, 65] and Fe [66] . Short chain hydrocarbon gases have long been used in carbon nanotube growth [67, 68] . A limited number of early attempts before 2004 can also be found on the growth of very thin graphite layers or even monolayer graphite by CVD, for example, on Pt(111) by Land et al. [69] , and on TiC(111) by Nagashima et al. [70] , however, no attempts have been made in the characterization of the electron transport properties of these films.
In the CVD growth process, a polycrystalline metal sheet [71, 72] , or metal film deposited on a substrate [73, 74] , acting as a catalytic surface, is usually pre-annealed (800-1000°C) in vacuum to obtain larger crystalline grains. Short chain hydrocarbon molecules are then introduced to the chamber, where they are adsorbed on the metal surface, decompose into carbon atoms and form graphene on the metal surface. There have been different theories proposed to explain the growth mechanisms of graphene on metal surfaces. The earlier theory is based on epitaxial growth of graphic structures on hexagonal or other crystallographic surfaces, such as Co(0001) [75] , Ni(111) [76] , Pt(111) [75] , Ru(111) [77] , Ir(111) [78] . However, many of the recent experiments on the growth of graphene on variety of polycrystalline transition metals appears to support the surface catalytic effect [48] although details about the catalytic mechanism remain unclear. The recent understanding of the CVD graphene growth process is linked to the carbon solubility of the transition metals used. For metals with relatively higher carbon solubility at high temperatures, with Ni being a typical representation material [17, 54, 55] , the carbon atoms dissolved and absorbed in the metal to form solid solutions within the metal, carbon atoms are then segregated from the solid solution upon cooling step to the reduction of carbon solubility as temperature reduces, and precipitated (or surface segregated) on the metal surface to form graphene crystals due to the catalytic effect of the metal surface. Here the term "segregation" refers to the separation of carbon atoms from the solid solution within the metal and the term "precipitation" refers to the diffusion and deposition of carbon atoms on the metal surface, which is also called "surface segregation" and in the scientific literature this also includes the crystallisation of graphene on the metal surfaces. For transition metals with relatively lower carbon solubility, with Cu being a typical representation [46] [47] [48] , dissolution and segregation of carbon atoms in the metal is less likely to happen or at least is not the dominant mechanism due to the lack of carbon solubility in the metal. Graphene is formed on the metal surface directly from the carbon atoms due to the catalytic effect of the metal. Li et al. [48] have experimentally demonstrated the two growth mechanisms by using carbon isotope labelling for the CVD growth on Ni and Cu, respectively, as shown in Fig. 2 . The graphene growth process on Ni is shown in Fig. 2a , where the sequentially introduced carbon isotope labels are randomly mixed up in the dissolution and surface segregation process as a result of the dissolution of all carbon atoms in Ni, which lead to a random distribution of the isotope labels in the graphene lattice. In contrast, for graphene grown on Cu, as shown in Fig. 2b , the carbon isotopes in the graphene lattice are distributed in groups, which indicates no dissolution phase in Cu, otherwise the isotope labels would have been randomly mixed up and lead to a random distribution of the isotope labels in graphene, as those shown in Fig. 2a for Ni.
The key parameters for producing better quality graphene include gas concentration/flow rate [79] , annealing time/temperature [52] , metal grain size [80, 81] and cooling rate [54] . However, the relative importance of these parameters may vary depending on the growth mechanisms. Growth of graphene via the first mechanism tends to form more layers of graphene particularly at the grain boundaries or areas with smaller grains due to the excessive surface segregation or precipitation of carbon on the metal surface. The fast cooling rate is an effective means of obtaining fewer layers or monolayer of graphene [17, 54, 55] . In contrast, longer annealing time is required to form a complete surface coverage of graphene via the second mechanism [46] [47] [48] . The growth process is believed to be self-limiting, i.e. no more graphene layers would grow once the metal surface is completely covered by a monolayer graphene as the surface ceases to act as a catalyst (bilayer graphene is obtained instead of monolayer in atmospheric pressure [82] ). Cu and Ni are the two Figure 2 : Schematic illustration of the two different growth mechanisms in CVD graphene growth, distinguishable by the sequential introduction of carbon isotope labelling during growth. (a), Growth process on Ni, which involves hydrocarbon decomposition -carbon dissolution in Ni -surface segregation of carbon atoms -precipitation of graphene, where the sequential isotope labels were randomly mixed up by the carbon dissolution process because of the carbon high solubility in Ni, led to randomly distributed isotope labels in the graphene lattice. (b), Growth process on Cu, where graphene is grown directly from decomposed carbon atoms on the Cu surface, led to grouped distribution of carbon isotope labels in the graphene lattice, an indication of the non-existence of the carbon dissolution phase because of the very low carbon solubility of Cu. Courtesy of Li et al. [48] .
most studied metals for CVD graphene growth. The results so far indicate that the growth on Cu produces better quality of graphene films. For example a 95% surface coverage of monolayer graphene on Cu has been achieved and the mobility of graphene at room temperature can be as high as 10 4 cm −2 /V·s [46] [47] [48] and crystallite sizes up to ∼2 mm [83, 84] . The study of surface morphologies of CVD graphene is quite scarce in the literatures. According to the very few papers published, graphene grown on the Cu surface could never be atomically flat [85, 87, 88] . Typical AFM images of graphene morphology on Cu foil are shown in Fig. 3 . The terrace and rippling topography of graphene with a typical rms value ranging from 3-6 nm is actually a rubbing of the uneven Cu foil surface underneath, which is due to the inherent nonflat nature of the Cu foil, resulting from the sublimation of Cu and the recrystallization of Cu grains at high processing temperatures. This in turn leads to terraces and ripples once graphene is transferred to SiO 2 substrate. Zhang et al. [86] have shown that the non-flat morphology of graphene is also closely related to the difference in thermal expansion coefficients between Cu and graphene, as shown in Fig. 4 . Compared with well crys-tallized Cu foil, the amorphous or transition status Cu foil has a greater difference in thermal expansion coefficient to graphene, resulting in bigger contraction of Cu foil during thermal quenching, which in turn creates higher wrinkles on graphene film. However, graphene grown on well crystallized Cu foil tends to show flat morphology on the top of each terrace but present lower ripples (0.5 nm high) or wrinkles at step areas, which may due to the smaller difference in thermal expansion coefficient to graphene. Liu and co-workers [87] have shown that graphene grown on Ni substrate shows similar problems with that grown on Cu, except that there is no rippling morphology caused by metal sublimation because of the much weaker sublimation of Ni film at graphene growth temperature. A typical AFM image of as-grown graphene on Ni film and its corresponding transferred graphene on SiO 2 are shown in Fig. 5 . It can be seen that graphene also has a morphology due to rubbing of Ni film underneath, which more or less wraps around hemispherical Ni grains and forms deep trenches between adjacent grains. Once the Ni film is removed, hemispherical graphene falls onto substrate as there is no physical support, resulting in single wrinkles around hemispherical graphene grains and bi-wrinkles between two adjacent hemispherical graphene grains, respectively. It is worth noting that graphene grains here are replicas of Ni grains instead of graphene crystal grains and the wrinkles caused by the difference in thermal expansion coefficient are a few times larger than that caused by Ni recrystallization.
As CVD graphene is grown on top of the transition metal films, it is necessary to transfer the graphene to an insulating substrate, such as Si wafers with a SiO 2 insulation layer [49, 55, [89] [90] [91] or PET (Polyethylene terephthalate) substrate [92, 93] , in order to carry out the electrical characterization of the graphene films and for electronic applications. So far, the PMMA based transfer technique is used extensively in laboratories for research purposes. As-grown graphene sample is spin-coated by PMMA layer and then immersed in certain etchants to remove the metal layer on which graphene is grown. Once the removal of metal layer is completed, the floating graphene/PMMA layer on the etchant surface can be picked up by arbitrary substrate without introducing any visible damage [17] , which is due to the hydrophobicity and mechanical strength of graphene. Roll to roll transfer [90] has been achieved and industrially used to produce high quality and large area graphene on PET/epoxy films for applications including touch careen displays [92] , flexible heaters [94] , solar cells [95, 96] , etc. By a combination of Joule heating, CVD growth, gravure coating, UV bonding and spray etching, 100 m long high quality graphene sheet on PET/epoxy substrate has recently been reported by Sony [88] . Further recent developments of the CVD method include the growth of large area high quality graphene by using metal alloy, such as Ni-Cu alloy [97] , Ni-Au [98] 
Growth from Solid Carbon Sources
In parallel to CVD growth, techniques for the growth of graphene on metal surfaces from solid carbon sources have also been developed. The basic growth mechanism of this approach is as same as that of CVD growth, which uses polycrystalline transition metal films, such as Ni [101] , Cu [102] or Co [53] deposited in vacuum as catalyst for the growth of graphene. However, solid carbon-containing films, typically amorphous SiC or C, are used as carbon source and the samples are annealed in a rapid thermal processor (RTP) in either vacuum, Ar or Ar/H 2 atmosphere at temperatures up to 1100°C. Both the metal and C-containing films are deposited on Si wafers by physical vapor deposition such as sputtering [103, 104] , evaporation [105] , vacuum arc [106] , MBE [107] or ion implantation [108, 109] . Spin-coated PMMA [102] or other C-containing materials such as PAN [110] , SAM [111] , PS [112] , PPMS [113] , ABS [114] , are also used. Carbon impurities contained within the metal or alloy targets are also successfully used as a carbon source for the growth of graphene without the need for an additional carbon source [115] . As the graphene grown by this method is in general on top of the metal layers, it also needs to be transferred to an insulating substrate after growth similar to the CVD graphene method. This approach was pioneered by Juang et al. [101] using a Ni film deposited by e-beam evaporation on single crystal SiC substrate, where growth of graphene was achieved at RTP temperature of 750°C, much lower temperature than that for the epitaxial growth. Graphene grown from PECVD-deposited amorphous SiC and sputtered Ni films was also reported in the same year by Hofrichter et al. [116] . In this case, RTP temperature as high as 1100°C was used. Growth of wafer-scale graphene from solid carbon source has subsequently been demonstrated from a number of layer combinations, such as Ni/SiC [117, 118] , Ni/C [104, 106] , Ni/PMMA [105, 113, 119] , Cu/PMMA [102, 120] , NiCu/C [121, 122] . One of the key process parameters for obtaining high quality graphene is the fast cooling rate. Under the optimized process conditions, the quality of graphene appears to be mainly dependent on the size of grains of the polycrystalline metal film although carbon contents and layer combination may also have some role to play. Monolayer graphene is usually obtained from areas with large grains whilst few layer graphene is observed from areas with smaller grains and grain boundaries. It is therefore arguable that the graphene growth on each metal grain may still be self-limiting and the multilayer nature of the resultant graphene may be caused by the overlapped metal grains which produce overlapped graphene layers [118] . Due to the polycrystalline nature of the metal films, it is in general very challenging to obtain uniform graphene across large areas.
Transfer-free and Direct Growth on Insulating Substrates
One of the essential requirements for electronic device applications is that graphene must be grown on insulating substrates. As mentioned earlier, this is not possible for CVD growth or growth with solid carbon sources. In order for the graphene grown by these techniques to be used for device applications, a post-growth transfer of graphene from the metal surface to an insulating substrate is required, which is not cost-efficient and likely to introduce contamination or damage the graphene films. This brought about the latest development of graphene growth techniques: transfer-free growth [118] and direct growth [110] of graphene on insulating substrates. Two different approaches have been reported for the transfer-free growth of graphene: complete evaporation of the supporting metal film after the growth of graphene [73, 123] and etching of the supporting metal film after growth [118] . The "evaporation method" takes advantage of the reduced sublimation temperature of the metal film in vacuum and results in graphene sheet grown atop of metal film to fall onto dielectric surface after the evaporation of metal film. Ariel Ismach et al. [73] first reported this technique in a CVD process. After a very long evaporation process ranging from 15 minutes to 7 hours at 1000°C and low pressure (100-500mTorr), metal film on top of substrate can be evaporated or dewetted into finger-like structures, leaving inhomogenous graphene on the substrate. The resultant graphene device on SiO 2 substrate shows p-type doped behaviour with a mobility of 655 cm 2 V −1 s −1 and a gate modulation of around 3. For the latter approach, Pan et al. [118] have achieved transfer-free growth of graphene from sputtered C/Ni films by applying the diffusion-segregation growth method with a carefully designed C/metal thickness. When the Ni thickness is >100 nm, monolayer graphene grows on relatively large Ni grains and floats off after the removal of Ni layer as there is no physical connection between graphene and the substrate, as shown in Fig. 6a . However, when the Ni thickness is <100 nm, graphene grew down to the substrate due to the recrystallization and dewetting of the Ni grains, linking up graphene with the nc-G layer on the substrate so that it retains the original morphology of Ni layer, as shown in Fig. 6b and c. The resultant graphene device presents a same p-type doped characteristic with a mobility of around 10 3 cm 2 V −1 s −1 , but a lower modulation of 1.3. Similar method has since been reported by Gao et al. [124] . By pre-treatment of the substrate with nitrogen plasma, bubble seeds can be planted in the SiO 2 layer, which then generate bubbles during the chemical etching process. These resultant bubbles can join those trapped under the graphene film and act together as capillary bridges with a strong negative pressure, resulting in the graphene remaining on the original substrate after the removal of the Cu layer [124] . In this case, the graphene obtained is weakly n-type doped and shows a carrier mobility of 3800 cm 2 V −1 s −1 , which is comparable to the properties of CVD graphene. Although the metal/SiO 2 interface is believed to be chemically unfavourable for the formation of graphene [118] , direct growth of graphene on SiO 2 substrate has been reported by a few groups. Byun et al. have obtained graphene directly on the SiO 2 substrate using 10nm spin-coated polymer layer as carbon source (PS, PAN or PMMA) and 50 nm Ni layer as buffer, catalyst and capping layer. With RTP at 1000°C for 1 min, few-layer graphene was obtained directly on SiO 2 substrate [110] . The quality of graphene varies with different carbon sources used. A few more groups have also reported similar results by using different carbon source and transition metal film/alloy combinations, such as CH 4 /Cu, ABS/Ni, SAM/Ni or Cu/Ni(containing trace amorphous carbon) [16, 113, 119, 122] . By tuning the process parameters, low-defect graphene with a bilayer coverage ∼70% and a monolayer coverage ∼20% of the wafer can be obtained on the SiO 2 substrate. The most important advantage of this method is that graphene forms directly on the atomically flat substrate surface although the quality of the graphene film is still far from desirable. The major problems encountered in the growth process are the carbon atoms favour segregating through metal grain boundaries or micro voids of metal layer (shown in Fig. 7a [16, 125] ), resulting in ridges on the graphene film (shown in Fig. 7b ). The Raman spectrum taken from the ridge area shows a relatively high D band and G/2D intensity ratio (shown in Fig. 7c ), which confirms that the graphene around the ridges presents greater defects and more layers and the resultant devices produced by this graphene always show a low mobility ranging from 150-700 cm 2 V −1 s −1 as well as heavily p-doped characteristic. [16] and Jinshuang et al. [125] .
For both transfer-free and direct growth on insulating or dielectric substrate, the most important parameter is the thickness of metal film or the ratio of carbon source/metal, because of the diffusion-segregation growth mechanism. The use of an overly thick metal layer, i.e., a low carbon to metal ratio, leads to a low coverage of graphene or the loss of the physical connections between graphene and substrate. However, an overly thin metal layer, i.e., a high carbon to metal ratio, can cause dewetting of the metal film before graphene growth or excessive segregation of amorphous carbon after the growth of first few layers of graphene.
Growth of graphene without requiring catalyst metal layer was first reported by Zhang and his co-workers [126] , in which remote plasma enhancement chemical vapour deposition (r-PECVD) was successfully employed for the growth of wafer-scale graphene on various insulating substrates. Direct growth of large scale monolayer graphene by CVD on Ge substrate was pioneered by Wang and his co-workers very recently [127] . Carbon containing radicals were introduced into the growth chamber with temperatures ranging from 800-910°C and a H 2 /CH 4 ratio of 50:0.1, where they were adsorbed onto Ge substrate and interlinked to each other by collision, leading to the formation and extension of graphene nano-clusters. Under optimum growth conditions, homogeneous monolayer graphene was grown directly on Ge substrates over a large scale. The positively shifted Dirac point can be observed together with a mobility of 800-900 cm 2 V −1 s −1 from its resultant FET device, which is comparable to that reported from transferred CVD graphene. By using the same method but a hydrogen terminated Ge (110) substrate, wafer-scale growth of wrinkle-free single-crystal monolayer graphene has also been achieved [128] . It was believed that the anisotropic atomic arrangement of single crystal Ge substrate enables unidirectional alignment of graphene seeds merging into graphene sheet with same orientation. Compared with polycrystalline graphene grown from Ge, a much higher mobility up to ∼10 4 cm 2 V −1 s −1 was recorded due to the absence of defective grain boundaries and wrinkles which always lead to scattering. The process is believed to be self-limiting due to the incredibly low solubility of C in Ge under equilibrium conditions.
Conclusions and Prospects
Since the discovery of graphene in 2004, a number of techniques for the production of large area graphene have been developed. Epitaxial growth from single crystal SiC substrate offers an industrial scale growth method for large area graphene directly on semi-insulating substrates with the potential for electronic devices applications without the need of transfer. However, its indus-trial scale production is constrained by the high cost of both the substrate material and the very high growth temperatures (>1200°C). The non-flat terraced morphology is another limitation. Growth of graphene via chemical vapour deposition on transition metal films, particularly on Cu sheets or films, is a promising production method.
As the graphene can be transferred to any substrate, although it's not defect-free, it has been employed for a wide range of applications, particularly as transparent conducting coatings for applications in touch screen displays, epaper (electronic paper) and organic light-emitting diodes (OLEDs). Although cheaper than epitaxial growth, the CVD method is still a high energy consumption process due to its high growth temperature. The need to etch away the Cu sheets also makes the process expensive. Further improvements of the method include the use of very thin Cu films without sacrificing the crystal size, quality and properties of graphene. Growth from solid carbon source and transfer free growth are other interesting developments for the production of large area graphene although further improvements of these processes is needed to make them viable for industrial scale device applications. Each technique developed so far has its own advantages and limitations, and are still far from meeting the requirements for realising the industrial scale applications of graphene. Although it is unlikely that graphene will be employed in the near future for applications in high-performance digital circuits because of the absence of a bandgap, the other superior electron transport properties of graphene have the potential to make the material a promising candidate for applications in analogue electronics and sensors. The main challenge for realizing such a potential is the development of wafer scale production technique for atomically flat and defectfree single crystal graphene directly on Si insulating substrates. The development of such a production technique for graphene would represent a major advance [129] towards the realization of the graphene revolution.
